Hypoxic enhancement of type IV collagen secretion accelerates adipose conversion of 3T3-L1 fibroblasts  by Tajima, Rie et al.
Hypoxic enhancement of type IV collagen secretion accelerates
adipose conversion of 3T3-L1 ¢broblasts
Rie Tajima a, Nobuko Kawaguchi a, Yoko Horino b, Yuji Takahashi b,
Kazuhiro Toriyama c, Kazuhiko Inou c, Shuhei Torii c, Yasuo Kitagawa a;*
a Graduate Program for Regulation of Biological Signals, Graduate School of Bioagricultural Sciences, Nagoya University, Furo-cho,
Chikusa-ku, Nagoya-shi 464-8601, Japan
b School of Life Science, Tokyo University of Pharmacy and Life Science, Hachioji, Tokyo 192-0392, Japan
c Department of Plastic and Reconstructive Surgery, School of Medicine, Nagoya University, Showa, Nagoya 466-8560, Japan
Received 29 August 2000; received in revised form 21 March 2001; accepted 8 May 2001
Abstract
Hypoxic modulation of collagen metabolism appears to be related to pathogenesis of many diseases such as fibrosis of
connective tissue after injury and scleroderma. Since most of our understanding of how procollagen assembles within the cell
has come from studies on cells cultured under normoxia, it may not be helpful for the etiology of the diseases observed in
peripheral tissues under hypoxic conditions. As an experimental model for the hypoxic modulation of collagen metabolism,
we cultured 3T3-L1 fibroblasts under low partial oxygen pressure and found that hypoxia enhances secretion of type IV
collagen 10-fold and accelerates adipose conversion of the cells. The enhanced secretion of type IV collagen was not
accompanied by an appreciable increase of K1(IV) and K2(IV) mRNAs. Prolyl 4-hydroxylase K increased only 3-fold under
hypoxia. We suggest that hypoxia creates an environment of prolyl 4-hydroxylase K2L2 tetramers favorable for the folding of
type IV procollagen which has many interruptions of the Gly-Xaa-Yaa repeat. ß 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction
Hypoxic modulation of collagen metabolism in
mesenchymal tissues is an important issue to under-
stand pathogenesis of various diseases. For example,
the ¢brosis observed in tissues after injury or surgical
treatment is related to hypoxic modulation of colla-
gen synthesis [1^3]. Disruption of the microvascular
system caused by injury or surgical treatment devel-
ops a hypoxic zone where angiogenesis is vital for the
delivery of oxygen, nutrients and growth factors. Fi-
broblasts, invading the wound early in the process,
appear to be involved in the pathogenesis by depos-
iting collagens enhanced in such a hypoxic environ-
ment.
Scleroderma (Gr skleros hard+Gr derma skin) is
another disease characterized by dermal microvascu-
lar injury and decreased perfusion of the tissues [4].
The sclerodermatous skin is found to be hypoxic
compared with the uninvolved skin [5]. Fibrosis is
the predominant histopathological feature of this dis-
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ease and increased activity of prolyl hydroxylase and
increased intake of radiolabeled proline have been
demonstrated in the patient’s tissues [6]. Hypoxic in-
duction of K1(I) procollagen mRNA in the primary
culture of skin ¢broblasts [7] may explain partially
the increased ¢brogenetic properties, but more study
is needed for better treatment of scleroderma.
Structural reorganization of the pulmonary artery
in lung during hypoxic vasoconstriction and recovery
from it [8] is also related to the modulation of colla-
gen metabolism by hypoxia. The walls of pulmonary
capillaries need to be extremely thin for e¡ective gas
exchange, and strength of the walls is attributed to
type IV collagen in the basement membranes [9,10].
It is therefore of particular importance to know
whether the synthesis of type IV collagen is regulated
in response to hypoxic vasoconstriction, as well as
the expression of matrix-degrading enzymes demon-
strated recently during the reorganization of pulmo-
nary artery [11].
3T3-L1 is an adequate model of adipogenesis since
the cells in culture have a high frequency of adipose
conversion [12,13]. Re£ecting the in vivo environ-
ment of adipocytes that they are individually sur-
rounded by thin basement membranes [14], the mo-
lecular species of extracellular matrix secreted by the
cells changes during the conversion from interstitial
collagens (types I and III) to the components of
basement membrane such as type IV collagen, entac-
tin/nidogen and laminin-8 [15,16]. We have shown
that addition of ascorbic acid phosphate (Asc-P) to
a 3T3-L1 culture stimulates the secretion of type IV
collagen and accelerates adipose conversion [17].
This indicates that 3T3-L1 is a model system to mon-
itor the e¡ect of the extracellular matrix on cell dif-
ferentiation.
In this study, we show that hypoxia enhances the
secretion of type IV collagen from 3T3-L1 10-fold
and accelerates adipose conversion. Surprisingly,
the hypoxic enhancement of type IV collagen secre-
tion was not accompanied by an appreciable increase
of K1(IV) and K2(IV) mRNAs. What was more puz-
zling was that the amount of prolyl 4-hydroxylase
(P4-H) K subunit increased only 3-fold under hypox-
ia and decreased in the presence of Asc-P, despite
marked enhancement of type IV collagen synthesis
by hypoxia or Asc-P. The results suggested that hyp-
oxia as well as Asc-P created an environment of the
triple helix folding preferable to type IV procollagen
subchains which have many interruptions of Gly-
Xaa-Yaa repeats.
2. Materials and methods
2.1. Cell culture
3T3-L1 cells provided by Dr. H. Green (Harvard
Medical School, Boston, MA) were cultured basi-
cally as described [17]. The cells were inoculated
into 24-well plates (for DNA and glycerophosphate
dehydrogenase (GPDH) assay), 35 mm dishes (for
metabolic labeling and immunoblot) or 150 mm
dishes (for RNA extraction) at a density of 103
cells/cm2 and grown by feeding Dulbecco’s modi¢ed
Eagle’s medium (DMEM) (Nissui Pharmaceutical,
Tokyo) supplemented with 4.5 mg/ml glucose, 10%
(v/v) fetal calf serum (FCS) (M.A. Bioproducts, Wal-
kersville, MD), 50 units/ml penicillin and 50 Wg/ml
streptomycin every other day under humidi¢ed 5%
CO2/95% air (normoxia) or 5% CO2/1% O2/94% N2
(hypoxia) at 37‡C. Since the apparent outcome of
hypoxia on type IV collagen secretion and adipose
conversion of 3T3-L1 cells was similar to that of
Asc-P addition [17], experiments in this study were
carried out in the presence or absence of Asc-P (mix-
ture of 2- and 3-phosphates; Wako Chemicals, Osa-
ka) at 0.2 mM. For hypoxic exposure, the cultures
were maintained in a gas control chamber (Bellco
Glass, Vineland, NJ). Growth of the cultures was
monitored by DNA amount measured essentially as
described in [18] after harvesting the cells by trypsi-
nization. GPDH activity was assayed according to
[19] as modi¢ed in [20].
2.2. Assay of lactate in the conditioned media
As an index of the strength of hypoxia, lactate
concentration in the conditioned media during day
19 to day 21 was assayed by the lactate dehydroge-
nase reaction. Aliquots (5^10 Wl) of conditioned me-
dia after centrifugation were mixed with 200 mM
Tris^HCl (pH 9.0), 200 mM hydrazine sulfate (pH
9.0), 0.6 mM NAD, and 23 Wg lactate dehydroge-
nase (rabbit muscle) in a total volume of 0.2 ml. The
increase in the absorbance at 340 nm due to NADH
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production was measured after incubating the mix-
ture overnight. Lactate concentration was calculated
based on the molar extinction coe⁄cient of 3200 for
NADH.
2.3. Metabolic radiolabeling of the cultures
The cultures were preliminary incubated for 4 h
under hypoxia/normoxia and with/without 0.2 mM
Asc-P in methionine-free Eagle’s minimal essential
medium (MEM) and metabolically labeled by incu-
bating at 37‡C for 4 h in 600 Wl of methionine-free
MEM containing 0.5 mCi/ml of [35S]methionine/cys-
teine (Amersham Pharmacia Biotech) under hypoxia/
normoxia and with/without 0.2 mM Asc-P. The me-
dia corresponding to 4.0U106 cpm of radioactivity
incorporated into cellular proteins were digested with
5.6 units of bacterial collagenase as described in [15].
For immunoprecipitation of type IV collagen, ali-
quots of labeled media or cell lysate corresponding
to 8.0U106 cpm of incorporated radioactivity into
cellular proteins were incubated with anti-type IV
collagen antiserum as described [15]. The collagenase
digest and the immunoprecipitate were separated by
sodium dodecyl sulfate (SDS) electrophoresis [21] us-
ing 3 and 4% (w/v) acrylamide gels for the stacking
and the separation gels, respectively. Radioactivity in
the gel was analyzed by a Fuji Film BAS 2000 Image
Analyzer and quantitated by determining the PLS
(photostimulated luminescence) count with a Fuji
Film Image Gauge ver 3.4.
2.4. Dot hybridization of K1(IV) and K2(IV)
mRNAs
Total cellular RNA was extracted as described [22]
from the cells cultured under hypoxia/normoxia and
with/without Asc-P for 14 days. Various amounts of
RNA were spotted on a membrane (Hybond-N ;
Amersham Pharmacia Biotech) after denaturation
with formaldehyde/formamide. A 0.8 kb PstI-AvaI
fragment from p1234 [23] coding for the C-terminal
part of mouse K1(IV) chain and a 2.0 kb EcoRI
fragment from p1337 (unpublished; gifted by Dr.
Y. Yamada, NIDR, Bethesda, MD) coding for the
C-terminal part of mouse K2(IV) chain were used as
hybridization probes. Hybridization with the radio-
labeled probes was done in a bu¡er containing 5U
standard saline citrate (SSC), 5UDenhardt’s solu-
tion, 0.5% (w/v) SDS, 100 Wg/ml salmon sperm
DNA and 50% (v/v) formamide for 24 h at 42‡C
after prehybridization for 1 h. The membranes were
washed three times with 2USSC containing 0.1%
(w/v) SDS for 20 min at room temperature and
once with 0.1USSC for 20 min at 65‡C. Radioactiv-
ity on the membrane was analyzed by a Fuji Film
BAS 2000 Image Analyzer and a Fuji Film Image
Gauge ver 3.4.
2.5. Immunoblot of P4-H K subunit
The cultures were homogenized in 4% (w/v) SDS,
20% (v/v) glycerol, 0.125 M Tris^HCl (pH 6.8) and
2UComplete (a protease inhibitor cocktail, Boeh-
ringer Mannheim, Germany) at 4‡C. The homoge-
nate was sheared by passing through a 26-gauge nee-
dle. After the protein content was determined,
2-mercaptoethanol was added to make a concentra-
tion of 2% (v/v), followed by heat denaturation at
100‡C for 5 min. Aliquots of homogenate containing
30 Wg protein were separated by SDS electrophoresis
using a 7.5% separation gel. The proteins were then
transferred to a nitrocellulose membrane in 25 mM
Tris containing 192 mM glycine and 20% (v/v) meth-
anol. The membrane was soaked twice in Tris-bu¡-
ered saline (TBS) for 5 min and blocked by incubat-
ing in TBS containing 0.1% Tween 20 and 1% bovine
serum albumin (TTBS) for 1 h. The blot was incu-
bated with anti-P4-H K subunit monoclonal antibody
(Fuji Chemical, Toyama, Japan) at a titer of 0.3 Wg
IgG/ml for 1 h and then rinsed three times in TTBS
for 15 min. The membranes were probed with horse-
radish peroxidase conjugated goat anti-mouse IgG at
a titer of 1:3000 for 1 h. The ECL (enhanced chemi-
luminescence) signal on an exposed ¢lm was semi-
quanti¢ed with the Image ID program (Amersham
Pharmacia Biotech).
3. Results
3.1. Hypoxia accelerates adipose conversion of
3T3-L1 ¢broblasts
Fig. 1A summarizes the growth pattern of 3T3-L1
¢broblasts under hypoxia/normoxia and with/with-
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out Asc-P using the DNA amount as the index.
Under normoxia without Asc-P, the cultures reached
growth arrest at con£uence on day 12 whereas they
kept growing until day 20 in the presence of 0.2 mM
Asc-P to reach a higher cell density (160% of that
without Asc-P). Under hypoxia without Asc-P, the
culture reached con£uence at a lower cell density
(67%) on day 10 and Asc-P addition delayed growth
arrest until day 12 at increased density (83%). Thus,
the time point of growth arrest was inversely related
to the ¢nal cell density which ranged 2.4-fold de-
pending on normoxia/hypoxia and the presence or
absence of Asc-P.
When GPDH activity per DNA amount was mea-
sured as a later marker of adipogenesis, hypoxia ac-
celerated the emergence of the activity which reached
a level 8-fold that under normoxia (upper panel of
Fig. 1B). Since the activity under normoxia stayed at
a low level even on day 27, the advanced growth
arrest by 2 days under hypoxia could not explain
the accelerated adipogenesis. As reported previously
[17], Asc-P addition accelerated adipogenesis, and
GPDH activity reached a level 3-fold that observed
under hypoxia (lower panel of Fig. 1B). The e¡ect of
Asc-P was not additive to hypoxia and had hidden
the contrast between hypoxia and normoxia ob-
served in the absence of Asc-P. Despite the di¡erent
extent of GPDH activity enhancement, the time de-
pendence of accelerated adipogenesis was the same
for hypoxia and Asc-P addition.
Fig. 2 depicts phase contrast microscopy of 3T3-
L1 cells after culturing for 21 days under hypoxia/
normoxia and with/without Asc-P. Adipocytes accu-
mulating intracellular lipid droplets were observed
under hypoxia/without Asc-P (Fig. 2a) whereas lipid
accumulation was hardly detected under normoxia/
without Asc-P (Fig. 2b). Reproducing the previous
observation [17], Asc-P addition to the cultures
under normoxia markedly enhanced the lipid accu-
mulation (Fig. 2d vs. b).
As indicated by the DNA content (Fig. 1A), hyp-
oxia reduced the cell density regardless of the ab-
sence (Fig. 2a vs. b) or the presence (Fig. 2c vs. d)
of Asc-P. Although this showed the hypoxic shock
which 3T3-L1 cells su¡ered, we also con¢rmed that
lactate concentration in the media conditioned from
day 19 to day 21 was higher under hypoxia than
under normoxia (hypoxia/without Asc-P, 0.65; nor-
moxia/without Asc 0.36; hypoxia/with Asc-P, 0.96;
normoxia/with Asc-P, 0.01 mM).
Fig. 1. E¡ect of hypoxia/normoxia and Asc-P addition on the
growth and the adipose conversion of 3T3-L1 ¢broblasts. The
cells were inoculated on day 0 into 24-well plates at an initial
density of 103 cells/cm2 and cultured in DMEM supplemented
with 4.5 mg/ml glucose and 10% FCS under normoxia or hyp-
oxia in the presence (+) or absence (3) of 0.2 mM Asc-P. (A)
On the day indicated, the cells were harvested by trypsinization
and the amount of DNA per well was determined. An averaged
amount of six independent cultures is presented. (B) GPDH ac-
tivity per unit DNA of the cultures without (upper panel) or
with (lower panel) 0.2 mM Asc-P was determined. The aver-
aged activity from six independent cultures is presented with
the standard error.
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3.2. Enhanced secretion of type IV collagen from
3T3-L1 cells under hypoxia
The e¡ect of hypoxia and Asc-P addition on col-
lagen secretion from 3T3-L1 cells was monitored by
metabolic labeling for 4 h with [35S]methionine/cys-
teine of the cells cultured for 7 or 21 days under
hypoxia/normoxia and with/without Asc-P. For the
normalization of di¡erences in cell number, the spe-
ci¢c radioactivity due to variable intracellular amino
acid pools and the activity of total protein synthesis,
we ¢rst measured the radioactivity incorporated into
cellular proteins insoluble in trichloroacetic acid, and
then aliquots of the media corresponding to a same
radioactivity were separated by SDS electrophoresis.
For the identi¢cation of collagens among secreted
proteins, the media were digested or not digested
before electrophoresis. The £uorogram showed sev-
eral collagenase-sensitive bands within the range of
130^200 kDa and their density increased depending
on hypoxia and Asc-P addition (not shown).
Immunoprecipitation of the proteins from the me-
dia with antiserum against mouse type IV collagen
and separation by electrophoresis showed that the
secretion of K1(IV) and K2(IV) chains was most en-
hanced among collagenase-sensitive bands (left panel
of Fig. 3A). Regardless of the stage of adipose con-
version (day 7 or day 21), the secretion of K1(IV) and
K2(IV) chains was increased 6.5^11-fold under hyp-
oxia compared to normoxia (without Asc-P). As re-
ported previously [17], Asc-P addition markedly en-
hanced the secretion of type IV collagen from the
cultures under normoxia, but its e¡ect was less evi-
dent on the cultures under hypoxia. Probably re£ect-
Fig. 2. Micrograph of 3T3-L1 cells cultured under hypoxia/normoxia and with/without Asc-P. Micrographs of 3T3-L1 cells after 21
days of culture are shown.
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ing enhanced glycosylation, Asc-P addition slightly
reduced the migration of both K1(IV) and K2(IV)
chains. Immunoprecipitation from cell lysates (right
panel of Fig. 3A) gave essentially the same result,
suggesting that the e¡ect of hypoxia (as well as
Asc-P addition) was on the process before the secre-
tion of K1(IV) and K2(IV) chains. The only di¡erence
was that relatively stronger signals of smeared bands
migrating faster than K1(IV) and K2(IV) chains were
observed in the lanes of normoxia and without Asc-P
(N/3). This suggested that the K1(IV) and K2(IV)
chains were synthesized in such cells but were rapidly
degraded, probably due to incomplete folding into
the triple helices.
Using cDNA fragments encoding K1(IV) and
K2(IV) chains, the level of mRNAs was estimated
by dot hybridization of total RNA extracted from
the cells cultured for 14 days (Fig. 4). A little increase
of both K1(IV) and K2(IV) mRNAs was observed in
the cells under hypoxia compared to normoxia (with-
out Asc-P), but it did not explain the marked in-
crease of the metabolically labeled K1(IV) and
K2(IV) chains (Fig. 3A). Asc-P addition to the cul-
tures under hypoxia further increased the signal to
an extent comparable to the increase of metabolically
labeled K1(IV) and K2(IV) chains. Asc-P addition to
the cultures under normoxia showed no e¡ect on the
mRNA levels despite a dramatic increase of the met-
abolically labeled K1(IV) and K2(IV) chains (Fig.
3A). Thus, dot hybridization of K1(IV) and K2(IV)
Fig. 3. E¡ect of hypoxia/normoxia and Asc-P addition on type
IV collagen secretion from 3T3-L1 cells. 3T3-L1 ¢broblasts cul-
tured for 7 or 21 days under hypoxia (H)/normoxia (N) with
(+)/without (3) 0.2 mM Asc-P were labeled with
[35S]methionine/cysteine for 4 h. Labeled media or cell lysates
corresponding to 8.0U106 cpm of incorporated radioactivity
into trichloroacetic acid-insoluble cellular proteins were immu-
noprecipitated with anti-type IV collagen antiserum and sepa-
rated by SDS gel electrophoresis. Radioactivity on the gel was
visualized with a Fuji Film BAS 2000 Image Analyzer. The mi-
grating positions of the K1(IV) chain and the K2(IV) chain are
indicated in the left margin. (B) Radioactivity in these positions
was quanti¢ed with a Fuji Film Image Gauge ver 3.4 and PLS
(photostimulated luminescence) counts are presented.
Fig. 4. Dot hybridization of K1(IV) and K2(IV) mRNAs from
3T3-L1 cells cultured under hypoxia/normoxia and with/without
Asc-P. Total cellular RNA was extracted from 3T3-L1 ¢bro-
blasts after 14 days of culture under hypoxia (H)/normoxia (N)
and with (+)/without (3) 0.2 mM Asc-P. The indicated
amounts of cellular RNA were spotted on membranes and hy-
bridized with radiolabeled fragments of cDNA sequence encod-
ing the C-terminal region of mouse K1(IV) and K2(IV) chains.
PLS (photostimulated luminescence) counts of each spot are in-
dicated.
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mRNAs as a whole did not explain the enhanced
secretion of type IV collagen from 3T3-L1 cells.
3.3. Level of prolyl 4-hydroxylase K subunit in
3T3-L1 cells
P4-H plays a central role in the synthesis of all
collagens, as 4-hydroxyproline residues are essential
for the formation of stable triple helices. One of us
showed that hypoxia induces P4-H K(I) subunit 2^3-
fold in ¢broblasts isolated from fetal rat lung, due to
binding of hypoxia inducible factor-1 (HIF-1) to a
motif similar to the hypoxia responsive element
(HRE) in the promoter region of the P4-HK(1)
gene [24]. In order to know whether a similar induc-
tion can explain the increased secretion of type IV
collagen from 3T3-L1 ¢broblasts, we estimated its
level in the cells under hypoxia/normoxia and with/
without Asc-P using immunoblot with a monoclonal
antibody against P4-HK. As shown in Fig. 5, a 2^6-
fold increase of P4-HK under hypoxia (H/3 versus
N/3) was consistent with the increased secretion of
type IV collagen, but the marked reduction by Asc-P
addition under normoxia ruined the hypothesis that
the P4-HK level determines the stability of type IV
collagen. Conversely, this reduction implied feedback
control of the P4-HK level in response to the produc-
tion of stable type IV collagen p. Asc-P addition
under normoxia might reduce the P4-HK level via
this mechanism by increasing the production of
type IV collagen (Fig. 3A). Asc-P addition under
normoxia, on the other hand, did not reduce the
P4-HK level since the production of type IV collagen
remained unchanged (Fig. 3A).
4. Discussion
Despite numerous important observations of hyp-
oxic modulation of collagen metabolism at a clin-
ical level, they have not been respected in the bio-
chemical area. Most of our understanding of how
procollagen assembles within the cell has come
from studies of cells grown in culture. Although
this approach has provided us with a clear outline
of the intracellular processing of procollagen, a prob-
lem was that such cells were cultured under ‘normox-
ia’. Considering the partial oxygen pressure (pO2) of
less than 30 Torr in peripheral tissues, the value of
135 Torr under ‘normoxia’ cannot be normal. Our
results showed that hypoxia modulates collagen me-
tabolism markedly to cause accelerated adipose con-
version of 3T3-L1 ¢broblasts. Our data thus warned
that the normal condition of cell culture could often
let us overlook important phenomena occurring in
vivo.
The e¡ect of hypoxia (also Asc-P) was relatively
speci¢c to type IV collagen. In the general mecha-
nism of interstitial collagen assembly, interchain di-
sul¢de bonds are ¢rst formed within the C-terminal
peptide. Having this C-terminal end as a nucleation
point, the triple helix folds in a C- to N-direction
concomitant with hydroxylation of proline and lysine
within the triple helical domain [25]. Type IV colla-
gen di¡ers from interstitial collagens in that both K1
and K2 chains contain more than 20 interruptions of
the Gly-Xaa-Yaa repeats [26]. The interruptions are
co-aligned between K1 and K2 chains to create £ex-
ibility of the triple helix [27]. This £exibility is im-
portant for meshwork formation of the basement
Fig. 5. Immunoblot of prolyl 4-hydroxylase (P4-H) K subunit
from 3T3-L1 cells cultured under hypoxia/normoxia and with/
without Asc-P. P4-H K subunits extracted from 3T3-L1 cells
cultured for 7 or 21 days under hypoxia (H)/normoxia (N) and
with (+)/without (3) 0.2 mM Asc-P were detected by immuno-
bloting using a speci¢c monoclonal antibody after SDS gel elec-
trophoresis. The relative optical density of the ECL (enhanced
chemiluminescence) signal for the corresponding band is indi-
cated at the bottom of the lane.
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membranes but, on the other hand, may cause inter-
ruption of the nucleation/extension cycle during helix
folding. The relatively speci¢c e¡ect of hypoxia (also
Asc-P) on type IV collagen implies that this e¡ect is
through a mechanism favorable to such a structure
of type IV collagen.
The vertebrate P4-H is an K2L2 tetramer [28,29] in
which L is identical to protein disul¢de isomerase
(PDI) [30,31]. The role of PDI in the tetramer is
mainly to keep the insoluble K subunit in an active
and non-aggregated conformation. A coexpression
study of the human P4-HK and PDI in yeast indi-
cated that a minor fraction of them are present in the
tetramer whereas the majority are in unassembled
form, and that further expression of human type
III procollagen led to marked increase of the P4-H
tetramer [32]. This implies that substrate peptide is
important for tetramer assembly. Consistent with
this observation, association of P4-H with the triple
helical domain was transient during the assembly of
type III procollagen studied in a semipermeabilized
cell system, and the release of P4-H from the triple
helical domain coincided with assembly into the ther-
mally stable triple helix [33]. If triple helix formation
is prevented, however, P4-H remained associated,
probably to keep the triple helix domain in a non-
aggregated form [33]. Thus, the association/dissocia-
tion of P4-H with the triple helix domain is tightly
coupled to the catalytic activity of P4-HK. The struc-
ture of type IV collagen implies that such an associ-
ation/dissociation may be interrupted 20 times to
complete folding of the whole molecule. If we can
assume that hypoxia (also Asc-P) strongly a¡ects
the hydroxylation reaction, this may explain why
the stability of type IV collagen was most a¡ected
among other collagens.
Ascorbate is not essential for the catalytic activity
of P4-H since the initial 15^30 reaction cycles pro-
ceed in its absence [34], but it is needed for the re-
duction of ferryl ion that is formed from ferrous ion
by the uncoupled decarboxylation cycle of 2-oxoglu-
tarate [35]. Considering that O2 is one of the sub-
strates of P4-H activity with Km as high as approx.
40 WM [36], the availability of O2 at the lumen of the
endoplasmic reticulum can be rate-limiting for hy-
droxylation. However, hypoxic enhancement of
type IV collagen secretion is opposite to the role of
O2 as the substrate. The e¡ect of hypoxia in the same
direction but not additive to that of ascorbate sug-
gests its relevance to some substitutive mechanism of
ferryl ion reduction in the absence of ascorbate. Pre-
vention of the catalytic activity of P4-H due to ac-
cumulation of ferryl ion in the absence of ascorbate
may block the folding of type IV collagen speci¢cally
because of the requirement for a frequent associa-
tion/dissociation cycle. Hypoxia may reduce this fer-
ryl ion by an unknown mechanism and enhance the
folding of type IV collagen.
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